Introduction
============

Monoclonal antibodies and their modified recombinant fragments conjugated to radioisotopes and toxic drugs, termed immunoconjugates, are of clinical value in anti-tumor imaging and therapy. The utility of these immunoconjugates, when administered *in vivo*, depends on their pharmacokinetics and biodistribution. The main challenge is to balance retention at the target site with the rate as well as site of clearance to maximize efficacy while avoiding toxicity to kidneys, liver, bone marrow, or other normal tissues. Different radionuclides and several antibody formats with a spectrum of *in vivo* properties for a given application have been reported ([@B1]--[@B3]).

The long and relatively constant serum half-life of intact IgG (∼22 days) and recombinant Fc-conjugated drugs is regulated by the major histocompatibility class I-related FcRn[^6^](#FN6){ref-type="fn"} ([@B4]--[@B6]). This receptor is localized in a wide range of cell types and tissues, including vital organs such as the kidneys ([@B7]) and the liver ([@B8], [@B9]) as well as circulating immune cells ([@B10]--[@B12]) and vascular endothelial cells lining the blood circulation ([@B13], [@B14]). Thus, the global presence of FcRn has a great impact on biodistribution of IgG molecules throughout the body.

The fundamental importance of FcRn in IgG homeostasis has been demonstrated using an engineered mouse strain in which FcRn can be conditionally deleted in both endothelial and hematopoietic cells. Lack of FcRn expression in these cells resulted in a 4-fold lower serum level of IgG than what was found in wild type (WT) mice, whereas the half-life of an exogenous injected human IgG1 (hIgG1) decreased by 21-fold ([@B13]).

The cellular mechanism by which IgGs are rescued has been revealed using advanced microscopy technologies ([@B15], [@B16]), where IgG, continually taken up by fluid phase endocytosis, is delivered to early endosomes, where FcRn predominantly resides. The acidified endosomal environment favors pH-dependent binding of the Fc part of IgG to FcRn. After binding, the complex is recycled to the cell surface, where the physiological pH of the blood triggers release of IgG. Thus, IgG Fc containing molecules are rescued from lysosomal degradation via an efficient FcRn-mediated recycling pathway.

The interaction site for FcRn on IgG (human and rodents) has been mapped using site-directed mutagenesis as well as x-ray crystallography and shown to involve negatively charged residues on the α2-domain of the FcRn heavy chain (HC) (Glu-115 and Glu-116) and conserved amino acid residues localized to the C~H~2-C~H~3 IgG Fc interface that include three highly conserved key residues, namely Ile-253, His-310, and His-435 ([@B17]--[@B19]). The central role of the histidine residues reflects the strictly pH-dependent mode of binding that is explained by the imidazole side chain that is neutral at physiological pH and positively charged at acidic pH.

Despite conservation of the key residues across species, hFcRn discriminates between IgG from several species, including mouse IgGs (mIgG), that do not interact, except from weak binding of mIgG2b ([@B20]--[@B22]). This fact largely explains the disappointing results obtained from clinical trials during the 1980s using murine monoclonal IgGs and also why mouse immunoconjugates, such as ^131^I-tositumomab (Bexxar, Cortixa Corp.) and ^90^Y-ibritumomab-tiuxetan (Zevalin, IDEC Pharmaceuticals Corp.), are cleared very rapidly from the circulation.

Engineered hIgG1 and hIgG2 with improved affinity for hFcRn at acidic pH show increased serum half-lives in primates ([@B21], [@B23], [@B24]). However, negligible binding at physiological pH is necessary ([@B4], [@B23]--[@B26]), and an increase has the opposite effect. This has been exemplified for a new class of engineered antibodies, termed Abdegs (enhancing IgG degradation), with short serum half-life that furthermore accelerates the clearance of circulating IgGs due to saturation of binding to FcRn that blocks further IgG binding ([@B27], [@B28]). However, favorable binding to hFcRn does not necessarily imply similar binding kinetics toward mFcRn, as for instance demonstrated by the hIgG1 variant with two Fc point mutations (H433K/N434F) that results in a 4-fold reduced serum half-life in WT mice but enhanced transport in an *ex vivo* human placenta model system ([@B29]).

One may alter the half-life of immunoconjugates by reducing the size or by introducing site-directed mutations, as exemplified by antibody derivatives with specificity for the tumor antigen carcinoembryonic antigen (CEA) ([@B30]--[@B33]). CEA is found in colorectal, breast, and lung cancers but also in low amounts in noncancerous tissue. The concentration of the antigen in tumors is ∼60 times higher than that in healthy tissue ([@B34], [@B35]), and thus, CEA is an attractive candidate for antibody-based tumor targeting in diagnostic imaging and radioimmunotherapy.

Several different recombinant anti-CEA T84.66 antibody derivatives have been generated, and their *in vivo* tumor targeting properties and biodistribution were investigated in mice ([@B3]). For instance, the minibody (scFv-C~H~3) format demonstrates fast clearance, excellent tumor uptake, and high contrast images in both LS174T xenografted mice and in a clinical pilot study ([@B30]--[@B33]). A set of anti-CEA T84.66 chimeric mouse-human scFv-Fc mutants showed a spectrum of *in vivo* half-lives and positron emission tomography imaging properties in BALB/c mice and tumor-bearing LS174T xenografted athymic mice ([@B36], [@B37]). Five scFv-Fc mutants were produced, termed I253A, H310A, H435Q, H435R, and H310A/H435Q (EU numbering system).

In this study, we thoroughly investigate the cross-species binding properties of these scFv-Fc variants toward the mouse and human forms of FcRn and the classical FcγRs using enzyme-linked immunosorbent assays (ELISA) and surface plasmon resonance (SPR) measurements. Furthermore, we measure the serum half-life in mice transgenic for hFcRn.

We find that the interaction properties of the scFv-Fc variants toward mFcRn correlated well with the *in vivo* serum half-lives and tissue biodistribution obtained in WT mice. Interestingly, binding to hFcRn was distinct from that of mFcRn and correlated with serum half-lives obtained from *in vivo* clearance studies performed in mice transgenic for hFcRn. In such mice, the half-life values were considerably shorter than those obtained in WT mice, and the clearance rate hierarchy among the variants was changed. Such variations in FcRn binding across species as well as differences in half-life obtained using different preclinical models must be taken into account prior to predicting pharmacokinetics in humans.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Construction, Production, and Purification of anti-CEA scFv-Fc Antibody Fragments

The anti-CEA cT84.66 scFv-Fc WT (nonmutated) and mutants (H435Q, H435R, H310A, I253A, and H310A/H435Q) used in these studies have been previously described ([@B36], [@B37]). The scFv-Fc proteins were expressed in NS0 murine myeloma cells following transfection of the mammalian expression vector pEE12 containing the scFv-Fc cDNAs, driven by the human cytomegalovirus promoter and a glutamine synthetase selection marker. Collected supernatants were centrifuged to remove cell debris and treated with AG1-X8 resin (Bio-Rad) in phosphate buffered saline (PBS) to remove phenol red. Then the fractions were filtrated and dialyzed against 50 m[m]{.smallcaps} Tris-HCl (pH 7.4). Recombinant scFv-Fc variants were purified using protein A affinity chromatography (Poros 20A, Applied Biosystems) using the GE Pharmacia AKTA purifier FPLC system (GE Healthcare), where PBS was used to equilibrate the column prior to loading the sample. Bound protein was eluted with a linear pH gradient (pH 7.0 to pH 2.1) using 0.2 [m]{.smallcaps} citrate buffer. Eluted protein was immediately neutralized with 80% v/v of 1 [m]{.smallcaps} Tris-HCl (pH 8.2), pooled, and dialyzed in 1× PBS. Then anion exchange chromatography using a Source HQ50 column (Amersham Biosciences) followed by a ceramic hydroxyapatite column (Bio-Rad) and anion exchange chromatography using a Source 15Q column (Amersham Biosciences) were performed, all as described previously ([@B36]). The final fractions were pooled, dialyzed against PBS, and concentrated by Centriprep 30 (Millipore Corp., Bedford, MA). Absorbance was monitored at 280 nm, and final protein concentration was determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). The *A*~280~ value was divided by an extinction coefficient of 1.4.

#### Construction, Production, and Purification of Recombinant Soluble Forms of Mouse and Human Fcγ Receptors and FcRn Variants

Vectors containing truncated versions of mFcRn and hFcRn HC cDNAs encoding their three ectodomains (α1--α3) genetically fused to a cDNA encoding the *Schistosoma japonicum* glutathione *S*-transferase (GST) have been described ([@B22], [@B38]). The vectors denoted pcDNA3-hFcRn-GST-hβ2m-oriP and pcDNA3-mFcRn-GST-hβ2m-oriP also contain a cDNA encoding human β~2~-microglobulin and the Epstein-Barr virus origin of replication (oriP). Soluble versions of FcRn (mFcRn and hFcRn) were produced in HEK 293E cells, and secreted receptors were purified using a GSTrap column as described ([@B25]). An mFcRn variant expressed in infected High-Five cells was a generous gift from Dr. Sally Ward (University of Texas Southwestern Medical Center, Dallas) ([@B39]).

Recombinant soluble forms consisting of the ectodomains of hFcγRI, hFcγRIIa, and hFcγRIIb, fused to GST, were produced from pcDNA3-GST-oriP vectors as described previously ([@B40]). Truncated cDNA segments encoding the extracellular domains of the human forms of FcγRIIIa and FcγRIIIb as well as the mouse forms of FcγRI FcγRIIb, FcγRIV, and FcγRIII were synthesized by Genscript and subcloned into the pcDNA3-GST-oriP using the restriction sites XhoI and HindIII and subsequently produced in HEK 293E cells as above.

#### ELISA

A 96-well plate (Nunc) was coated with 100 μl of recombinant CEA (0.5 μg/ml; Abcam) and incubated overnight at 4 °C followed by washing three times with 1× PBS/Tween (pH 7.4). The wells were blocked with 4% skimmed milk (Neogen Europe Ltd.) for 1 h at room temperature (RT) and washed in PBS/Tween (pH 6.0). The anti-CEA T84.66 scFv-Fc variants were diluted in 4% skimmed milk, 1× PBS/Tween (pH 6.0) as serial concentrations and added to the wells. After incubation for 1 h at RT, purified hFcRn-GST or mFcRn-GST (1 μg/ml) was diluted in 4% skimmed milk, 1× PBS/Tween (pH 6.0) and preincubated with goat HRP-conjugated anti-GST IgG (GE Healthcare) diluted 1:5000 and added to the wells. The plates were incubated for 1 h at RT and washed with 1× PBS/Tween (pH 6.0). Bound receptor was detected by adding 100 μl of the substrate 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid/H~2~O~2~ (Sigma) or 3,3′,5,5′-tetramethylbenzidine substrate (Calbiochem). The absorbance was measured at 405 or 450 nm using a Sunrise TECAN spectrophotometer. The assay described above was also performed using 1× PBS/Tween (pH 7.4) in all steps. In addition, the same setup was used with GST-fused versions of hFcγRI, hFcγRIIa, hFcγRIIb, hFcγRIIIa, hFcγRIIIb, mFcγRI, mFcγRIIb, mFcγRIV, and mFcγRIII. All receptors were added at 1 μg/ml except from the FcγRI variants that were added at 0.50 μg/ml. Receptor binding was visualized using a goat HRP-conjugated anti-GST antibody.

#### Dialysis of IgG and scFv-Fc Preparations

Prior to all SPR binding analyses, IgG variants and scFv-Fc fragments were extensively dialyzed overnight using Slide-A-Lyzer Dialysis Cassettes (cutoff at 10 kDa; 0.5-ml capacity; Pierce) at 4 °C to the same buffer used as running buffer (67 m[m]{.smallcaps} phosphate buffer) during the experiments. Anti-hydroxy-5-iodo-3-nitrophenylacetyl mouse IgG1 (mIgG1) was a gift from Dr. Gregory Winter (Centre for Protein Engineering, Medical Research Council Centre, UK).

#### Surface Plasmon Resonance

SPR experiments were carried out using a semiautomatic Biacore 3000 instrument (GE Healthcare). Flow cells of research grade CM5 sensor chips were directly coupled with GST-tagged hFcRn or mFcRn using amine coupling chemistry as described in the standard amine coupling kit (GE Healthcare). For coupling, the proteins were injected at a concentration of 10 to 1 μg/ml in 10 m[m]{.smallcaps} sodium acetate (pH 5.0), with contact times of 5 min at a flow rate of 5 μl/min. The approximate amounts of immobilized receptors are indicated in each experiment in resonance units (RU). Reference flow cells were prepared in an analogous manner with buffer only during the coupling cycle followed by deactivation of the dextran surface with 1 [m]{.smallcaps} ethanolamine. Several experiments were run with different analyte concentrations (0.0004--2 μ[m]{.smallcaps}) of the T84.66 anti-CEA H435R, H435Q, H310A, I253A, H310A/H435Q, nonmutated WT scFv-Fc, intact T84.66 IgG1, or anti-hydroxy-5-iodo-3-nitrophenylacetyl mIgG1 over hFcRn-GST as above. All experiments were performed with 67 m[m]{.smallcaps} phosphate buffer containing 0.05% Tween 20 (pH 6.0 or 7.4), both as running and dilution buffers at a flow rate of 50 μl/ml at 25 °C. The running buffer at pH 7.4 was used to regenerate the flow cells at the end of each dissociation phase. To correct for nonspecific binding and bulk buffer effects, the responses obtained from the control surfaces and blank injections were subtracted from each interaction curve. Affinity constants were calculated from the resulting sensorgrams using the heterogeneous ligand binding model provided by the BIAevaluation 4.1 software. The model assumes that there are two noninteracting ligand-binding sites on the immobilized ligand.

#### Radioiodination

Purified scFv-Fc fragments were each radioiodinated with carrier-free ^123^I (sodium iodide in 0.1 [n]{.smallcaps} NaOH from MDS Nordion) using the IODO-GEN method. Briefly, reaction volumes of 0.1 ml containing 150 μg of protein (414--520 μCi) of ^123^I and carrier iodide at a ratio of 0.5 per antibody molecule in Pierce pre-coated iodination tubes (Thermo Fisher Scientific) were incubated for 10 min at RT. The labeling reactions were stopped by transferring the reaction mixtures into 1.6-ml microcentrifuge tubes. Labeling efficiencies were measured by instant thin layer chromatography using the monoclonal antibody instant TLC strips from Biodex Medical Systems and 0.9% NaCl as running buffer, as described ([@B41]).

#### Pharmacokinetic Studies in hFcRn Transgenic Mice

All animal studies were conducted under protocols approved by the Chancellor\'s Animal Research Committee at UCLA. Twenty four 15--16-week-old transgenic mice with a homozygous mFcRn gene deletion and a hFcRn transgene knock-in (mFcRn^−/−^,+hFcRn) on a C57BL/6J background were used for these studies ([@B42]). Mice were divided into six groups of four mice, each group consisting of two female and two male mice with the exception of the group injected with ^123^I-labeled scFv-Fc H310A/H435Q that had one female and three male mice. Each animal was injected intravenously with 96--130 μCi of ^123^I-labeled scFv-Fc proteins (30 μg of labeled protein per mouse) under anesthesia. Immediately after injection (0-h time point), the tip of each mouse tail was nicked with a scalpel, and ∼10 μl of blood was collected in a pre-weighed capillary tube. Time points of blood collection were 0, 2, 4, 6, 12, 24, 48, and 72 h. Blood activity was determined using a Wallac WIZARD automatic gamma counter (PerkinElmer Life Sciences Inc.). Results were decay corrected and calculated as percentage of injected dose/g (% ID/g). To calculate the blood clearance times, GraphPad Prism 5 for Windows, Version 5.03 (GraphPad Software Inc.), was used. Two rate constants (*k*~1~ and *k*~2~) characteristic of each engineered fragment were determined. Biexponential functions were fitted to each blood clearance curve (% ID/g) and the distribution (*t*½α) and elimination (*t*½β) half-life of each scFv-Fc molecule in the hFcRn mice was determined.

#### Statistical Analysis

Significant differences in values were examined by comparing the 95% confidence intervals for the variable estimates. A two-way analysis of variance test (GraphPad Prism 5 for Windows, Version 5.03; GraphPad Software Inc.) was used to compare the following: 1) the blood activity curves of different scFv-Fc proteins in hFcRn mice, and 2) the same scFv-Fc fragment in hFcRn and BALB/c mice ([@B36]). Standard error was used to measure variability.

RESULTS
=======

### 

#### Dramatic Differences in Binding Specificity for mIgG1 and scFv-Fc toward hFcRn and mFcRn

The hFcRn HC shares 66% amino acid sequence identity with the mouse receptor orthologue ([supplemental Fig. 1](http://www.jbc.org/cgi/content/full/M112.355131/DC1)), where several critical key residues involved in the interaction between IgG and FcRn are conserved, such as Glu-115, Glu-116, and Trp-131 localized to the α2-domain (human numbering). However, despite high sequence homology, the human and mouse forms of FcRn show dramatic differences in binding specificity for IgG from a range of animals ([@B20], [@B22]). This finding is confirmed by the SPR analysis where a full-length chimeric mouse-human anti-CEA T84.66 IgG1 consisting of mouse λ light chains and human HCs binds hFcRn reversibly at pH 6.0. In contrast, a fully WT mIgG1, also with λ light chain and with specificity for the hapten hydroxy-5-iodo-3-nitrophenylacetyl, does not bind ([Fig. 1](#F1){ref-type="fig"}*A*).

![**Schematic illustration of the scFv-Fc format and binding of T84.66 to hFcRn.** *A,* representative SPR sensorgrams of anti-hydroxy-5-iodo-3-nitrophenylacetyl mIgG1 and chimeric mouse-human anti-CEA T84.66 IgG1 injected over immobilized hFcRn at pH 6.0. *B,* illustration of the scFv-Fc format. The anti-CEA-binding sites are indicated by *arrows*, and the amino acid residues of the Fc targeted by site-directed mutagenesis (H310A, I253A, H435R, and H435Q) are highlighted as *spheres* (*lime*) in the close-up of the human IgG1-derived Fc crystal structure. The glycans attached to residue Asn-297 within the C~H~2 domains are highlighted in *blue*. The C~H~2 and C~H~3 domains are highlighted in *gray* and *pink*, respectively. The figure was designed using PyMOL with the crystallographic data of the human IgG1 Fc ([@B57]). *Fv*, fragment variable; *Fc*, fragment crystallizable; *C~H~*, constant heavy.](zbc0291213900001){#F1}

Regarding the Fc part of the four mouse and human IgG subclasses, a high degree of conservation exists. Amino acid residues central in pH-dependent binding to FcRn are fully conserved, except mIgG2b and hIgG3 that have a Tyr or Arg at position 435, respectively. In addition, distinct differences exist in flanking amino acids that may affect binding ([supplemental Fig. 2](http://www.jbc.org/cgi/content/full/M112.355131/DC1)). The three conserved residues, Ile-253, His-310, and His-435, found at the Fc elbow region were studied in this report, and their location is highlighted in the crystallographic illustration of hIgG1 Fc shown in [Fig. 1](#F1){ref-type="fig"}*B*.

#### ELISA Measurements of FcRn Binding to the Anti-CEA scFv-Fc Variants

Several anti-CEA scFv-Fc variants have previously been designed based on the monoclonal T84.66 IgG1 ([@B36], [@B37]), schematically illustrated in [Fig. 1](#F1){ref-type="fig"}*B*. Five mutant variants were constructed by site-directed mutagenesis; Ile-253 in the C~H~2-domain was mutated to alanine (I253A), His-310 and His-435 within the C~H~3 domain were mutated to alanine, glutamine, or arginine (H310A, H435Q, and H435R), respectively. In addition, a double mutant was produced by combining H310A and H435Q (H310A/H435Q). The rationale behind the two mutations of His-435 was to mimic the two protonation states of the histidine residue under acidic (optimal FcRn binding) and neutral pH (no binding or release from the FcRn).

To explore their FcRn binding properties, the mutant variants were initially compared with the WT scFv-Fc counterpart for pH-dependent binding to mFcRn and hFcRn by ELISA. Wells were directly coated with recombinant soluble human CEA followed by capture of titrated amounts of the anti-CEA scFv-Fc variants. The mouse or human forms of GST-tagged FcRn were added, and bound receptors were visualized using an anti-GST-HRP antibody. The experiment was performed at both acidic (pH 6.0) and neutral pH. The WT variant showed pH-dependent binding to both mFcRn and hFcRn ([Fig. 2](#F2){ref-type="fig"}, *A--D*) with considerably stronger binding to mFcRn than hFcRn at acidic pH. The binding responses obtained at neutral pH were very low compared with that at acidic pH, and again, a stronger binding was detected for mFcRn ([Fig. 2](#F2){ref-type="fig"}, *B* and *D*).

![**ELISA measurements of pH-dependent binding of mFcRn and hFcRn to the scFv-Fc variants.** Binding responses of mFcRn to titrated amounts of WT, I253A, H310A, H435R, H435Q, and H310A/H435Q at pH 6.0 (*A*) and pH 7.4 (*B*), respectively. Binding of hFcRn to titrated amounts of WT, I253A, H310A, H435R, H435Q, and H310A/H435Q at pH 6.0 (*C*) and pH 7.4 (*D*). The *numbers* given represent the mean of triplicates.](zbc0291213900002){#F2}

The positively charged state of H435R at both acidic and neutral pH might promote FcRn binding at both pH conditions. However, in the ELISA, this molecule showed reduced binding toward both receptor species at pH 6.0, and more so for mFcRn than for hFcRn ([Fig. 2](#F2){ref-type="fig"}, *A* and *C*). At neutral pH, no detectable binding was observed for hFcRn, and the strong binding detected for the WT construct toward mFcRn was lost ([Fig. 2](#F2){ref-type="fig"}, *B* and *D*). The single mutants, I253A and H310A, as well as the double mutant, H310A/H435Q, showed no binding to either receptor ([Fig. 2](#F2){ref-type="fig"}, *A--D*).

#### Impact of the scFv-Fc Mutant Variants on Binding to the Classical FcγRs

Besides FcRn, the classical FcγRs bind to a nonoverlapping binding site in the lower hinge and C~H~2-domain ([@B43]). To investigate whether the scFv-Fc format and the introduced mutations had any effect on binding to this class of receptors, we screened T84.66 and some of the scFv-Fc variants for binding to all mouse and human FcγRs using ELISA. The mouse and human high affinity FcγRI and low affinity FcγRIIb were added to titrated amounts of the antibody variants. Only minor binding differences were detected ([Fig. 3](#F3){ref-type="fig"}, *A--D*). Similarly, minor differences in binding capacity were seen for binding to hFcγRIIa, hFcγRIIIa, hFcγRIIIb, mFcγRIII, and mFcγRIV ([supplemental Fig. 3](http://www.jbc.org/cgi/content/full/M112.355131/DC1)).

![**ELISA measurements of FcγR binding to scFv-Fc variants.** Binding of mFcγRI (*A*), mFcγRIIb (*B*), hFcγRI (*C*), and hFcγRIIb (*D*) to titrated amounts of T84.66 and the scFv-Fc variants (WT, I253A, H310A, and H435Q). The *numbers* given represent the mean of triplicates.](zbc0291213900003){#F3}

#### Differential Binding of the Anti-CEA scFv-Fc Variants to FcRn Revealed by SPR Analysis

The more sensitive SPR assay was employed to complete a detailed characterization of the interaction between the mouse and human forms of FcRn and the anti-CEA scFv-Fc variants. In contrast to ELISA, the SPR technology allows direct visualization of real time macromolecular interactions independent of capture on antigen or "tagging" of the interacting partners using detection antibodies.

In all SPR experiments, soluble forms of FcRn were covalently immobilized on a CM5 biosensor chip to mimic the physiological situation where FcRn is a transmembrane receptor that binds circulating soluble IgG molecules. Initially, we investigated the binding property of the intact anti-CEA T84.66 IgG1 by injected serial dilutions over immobilized mFcRn or hFcRn at pH 6.0. Representative sensorgrams ([Fig. 4](#F4){ref-type="fig"}, *A* and *B*) clearly demonstrate concentration-dependent and reversible binding, although the SPR profiles revealed considerably stronger binding to mFcRn than to the human form. To compare the relative binding properties of the scFv-Fc antibody fragments, samples of 0.5 or 1.0 μ[m]{.smallcaps} of each variant were injected at pH 6.0 or 7.4 over mFcRn immobilized at two different densities (∼110 and ∼900 RU). The nonmutated scFv-Fc variant bound strongly to mFcRn at acidic pH, and some binding was also detected at neutral pH ([Fig. 5](#F5){ref-type="fig"}*A*). The same result was obtained for H435R ([Fig. 5](#F5){ref-type="fig"}*D*). Although the binding kinetics at acidic pH were characterized by slow dissociation, interacting molecules dissociated rapidly at neutral pH. All single mutants showed detectable binding to mFcRn at acidic pH, although the H310A/H435Q double mutant did not. Neither I253A, H310A, H435Q, nor the double mutant bound at neutral pH ([Fig. 5](#F5){ref-type="fig"}, *A--F*). Based on the maximum binding responses obtained at equilibrium (Req) at the two surface densities of immobilized mFcRn at acidic pH ([supplemental Table 1](http://www.jbc.org/cgi/content/full/M112.355131/DC1)), a hierarchy of Req binding responses, ranking from highest to lowest, were as follows: H435R \>/ = WT \> H435Q \> I253A \> H310A \> H310A/H435Q.

![**SPR analyses of the interaction of chimeric anti-CEA T84.66 IgG1 with mFcRn and hFcRn.** Representative sensorgrams show serial dilutions of anti-CEA T84.66 IgG1(0.004--1 μ[m]{.smallcaps}) injected over a flow cell coupled with mFcRn (∼300 RU) (*A*) and hFcRn (∼400 RU) at a flow rate of 50 μl/min (pH 6.0) (*B*). The sensorgrams were zero-adjusted and reference cell data subtracted.](zbc0291213900004){#F4}

![**SPR binding profiles of anti-CEA scFv-Fc variants to immobilized mFcRn.** Representative sensorgram overlays obtained with 0.5 μ[m]{.smallcaps} of the anti-CEA ScFv-Fc variants injected over a flow cell coupled with mFcRn (∼900 RU) at a flow rate of 50 μl/min (pH 6.0 and 7.4). *A,* WT; *B,* I253A; *C,* H310A; *D,* H435R; *E,* H435Q; and *F,* H310A/H435Q. The sensorgrams were zero-adjusted and reference cell data subtracted.](zbc0291213900005){#F5}

Repeating the SPR assay, using hFcRn immobilized at two different surface densities (∼320 and ∼1200 RU), overall weaker binding responses than those recorded for binding to mFcRn were obtained at pH 6.0 ([Fig. 6](#F6){ref-type="fig"}, *A--F*). In contrast to the slow dissociation measured for WT scFv-Fc and H435R toward mFcRn, fast dissociation was seen ([Fig. 6](#F6){ref-type="fig"}, *A* and *D*). Furthermore, I253A was the only single point mutant that gave a detectable binding response at acidic pH at the high density surface ([Fig. 6](#F6){ref-type="fig"}*B*). None of the variants bound at neutral pH ([Fig. 6](#F6){ref-type="fig"}, *A--F*). The Req binding responses obtained at both surface densities are listed in [supplemental Table 2](http://www.jbc.org/cgi/content/full/M112.355131/DC1). Finally, immobilization of a large amount of hFcRn (∼4000 RU) also gave rise to detectable binding responses for H310A and H435Q, although no binding was detected for the double mutant ([Fig. 6](#F6){ref-type="fig"}, *G--I*). Thus, a hierarchy of Req binding responses, from highest to lowest, was obtained as follows: H435R \> WT \> I253A \>H435Q \> H310A \> H310A/H435Q.

![**SPR binding profiles of anti-CEA scFv-Fc variants to immobilized hFcRn.** Representative sensorgram overlays obtained with 0.5 μ[m]{.smallcaps} of each anti-CEA scFv-Fc variant injected over a flow cell coupled with hFcRn (∼1200 RU) at a flow rate of 50 μl/min (pH 6.0 and 7.4). *A,* WT; *B,* I253A; *C,* H310A; *D,* H435R; *E,* H435Q; and *F,* H310A/H435Q. Representative sensorgram overlays were obtained with 2.0 μ[m]{.smallcaps} WT and H310A/H435Q (*G*), H310A (*H*), and H435Q (*I*) and injected over a flow cell coupled with large amounts of hFcRn (∼4000 RU) at a flow rate of 50 μl/min (pH 6.0). All sensorgrams were zero-adjusted and reference cell data subtracted.](zbc0291213900006){#F6}

To obtain more quantitative binding data, kinetic evaluations were performed by injecting titrated amounts of each of the scFv-Fc variants over the two receptors at pH 6.0. Again, kinetic constants were calculated by fitting the data to the heterogeneous ligand binding model ([Table 1](#T1){ref-type="table"}).

###### 

**SPR-derived affinities of the interaction of scFv-Fc variants with FcRn**

  scFc-Fc variant   mFcRn *K~D~*~1~      mFcRn *K~D~*~2~      hFcRn *K~D~*~1~                          hFcRn *K~D~*~2~
  ----------------- -------------------- -------------------- ---------------------------------------- --------------------
                    *n[m]{.smallcaps}*   *n[m]{.smallcaps}*   *n[m]{.smallcaps}*                       *n[m]{.smallcaps}*
  WT                0.2 ± 0.0            43.8 ± 2.7           6.4 ± 2.6                                105.3 ± 64
  H435R             1.8 ± 0.1            122.1 ± 55.8         9.4 ± 0.7                                196.6 ± 19.3
  H435Q             80.9 ± 18.1          400.1 ± 112.8        ND[*^a^*](#TF1-1){ref-type="table-fn"}   ND
  I253A             443.5 ± 4.9          1054 ± 1.9           ND                                       ND
  H310A             ND                   ND                   ND                                       ND
  H310A/H435Q       ND                   ND                   ND                                       ND

*^a^* ND mean not determined because of no binding or very weak binding.

The WT scFv-Fc fragment showed stronger binding to both mFcRn and hFcRn than the mutants, and all variants bound more strongly to mFcRn than to hFcRn ([Table 1](#T1){ref-type="table"}). Although the WT bound mFcRn more than 30 times more strongly than hFcRn, the difference was only five times for the H435R mutant. Based on our binding analysis, a hierarchy reflecting strongest to weakest binding to mFcRn and hFcRn appeared as follows: WT \> H435R \> H435Q \> I253A \> H310A \> H310A/H435Q and WT \> H435R \> I253A \> H435Q \> H310A \>H310A/H435Q, respectively. Thus, the H435Q mutant bound mFcRn better than I253A, whereas the reverse was the case for the human receptor.

#### Radiolabeling and Blood Clearance Studies in hFcRn Transgenic Mice

To evaluate the *in vivo* blood clearance rates of the anti-CEA scFv-Fc variants, we used a mouse model with a homozygous mFcRn gene deletion and a hFcRn transgene knock-in (mFcRn^−/−^, +hFcRn) on a C57BL/6J background.

The scFv-Fc variants were radiolabeled, and the efficiency for the ^123^I radiolabeling reaction averaged 82.9%, ranging from 69.7% (WT) to 88.4% (I253A), although the mean specific activity was 2.59 ± 0.131 μCi/μg, ranging from 2.23 to 3.12 μCi/μg. The blood activity data at 0.5, 2, 4, 6, 12, 24, 48, and 72 h post-injection were measured. Analysis of variance between the blood activity curves ([Fig. 7](#F7){ref-type="fig"}) was done using analysis of variance and revealed that all six scFv-Fc fragments had significantly different blood clearance profile with *p* values ranging from \< 0.0001 to 0.049. The rate constants (*k*~1~ and *k*~2~), the area under the curve derived from the fitted curves, and the calculated distribution (*t*½α) and elimination (*t*½β) half-lives of each scFv-Fc protein in blood are summarized in [Table 2](#T2){ref-type="table"}. The order of blood clearance based on the area under the curve, from slow to fast, is as follows: WT \> H435R \> I253A \> H435Q \> H310A/H435Q \> H310A.

![**Blood activity curves of ^123^I-labeled scFv-Fc fragments in hFcRn transgenic mice.** Mice were injected with 96--130 μCi of ^123^I-labeled scFv-Fc proteins (30 μg of labeled protein/mouse) under anesthesia. Blood samples were collected from the tail immediately after injection (0-h time point) and at time points 2, 4, 6, 12, 24, 48, and 72 h post-injection. Blood activity was determined using a Wallac WIZARD automatic gamma. The percentage of injected dose/g (% *ID/g*) was calculated. Each group represents four mice. Logarithmic scale, S.E. was used to measure variability.](zbc0291213900007){#F7}

###### 

**Blood half-lives of ^123^I-labeled T84.66 scFv-Fc antibody fragments in hFcRn mice**

  Antibody fragment   Aα[*^a^*](#TF2-1){ref-type="table-fn"}   Aβ[*^a^*](#TF2-1){ref-type="table-fn"}   *k*~1~[*^b^*](#TF2-2){ref-type="table-fn"}   *k*~2~[*^b^*](#TF2-2){ref-type="table-fn"}   *t*½ [*^c^*](#TF2-3){ref-type="table-fn"}   *t*½ [*^c^*](#TF2-3){ref-type="table-fn"}   AUC[*^d^*](#TF2-4){ref-type="table-fn"}
  ------------------- ---------------------------------------- ---------------------------------------- -------------------------------------------- -------------------------------------------- ------------------------------------------- ------------------------------------------- -----------------------------------------
                      \%*ID/g*                                 \%*ID/g*                                 *1/h*                                        *1/h*                                        *h*                                         *h*                                         
  Wild type           29.6                                     20.3                                     0.2497                                       0.01737                                      2.776                                       39.89                                       938.3
  H435R               22.6                                     14.4                                     0.2042                                       0.0165                                       3.394                                       42.02                                       710.6
  H435Q               21.2                                     22.2                                     1.244                                        0.06761                                      0.5573                                      10.25                                       361.6
  I253A               8.7                                      28.6                                     0.9073                                       0.07431                                      0.764                                       9.328                                       427.1
  H310A               13.2                                     17.6                                     1.108                                        0.09282                                      0.6258                                      7.468                                       217.3
  H310A/H435Q         52.8                                     26.1                                     3.766                                        0.1083                                       0.1841                                      6.401                                       288.2

*^a^* Amplitudes of the two components are given by Aα and Aβ, where the sum of Aα and Aβ is the total injected dose/g (%ID/g).

*^b^ k*~1~ and *k*~2~ are first-order rate constants for distribution and elimination, respectively.

*^c^ t*½α and *t*½β are the distribution and elimination phase half-lives and are calculated by ln2/*k*~1~ and ln2/*k*~2~, respectively.

*^d^* Area under the curve is a time integral of the blood uptake (%ID/g·h).

#### Blood Clearance in BALB/c (mFcRn) Versus hFcRn Transgenic Mice

The same scFv-Fc proteins used in this work have previously been radioiodinated and evaluated for their blood clearance rates in WT BALB/c mice ([@B36]). When comparing the two sets of blood elimination curves, each scFv-Fc protein exhibited considerably faster elimination from the blood in hFcRn mice than in WT BALB/c mice ([Fig. 8](#F8){ref-type="fig"}, *A--F*). The most striking difference, however, is the change in the order of clearance. In WT BALB/c, the blood clearance order, from slow to fast, was as follows: scFv-Fc WT \> H435R \> H435Q \> I253A \> H310A \> H310A/H435Q. Furthermore, the H435R mutant cleared much faster than scFv-Fc WT in WT BALB/c mice, whereas the difference between the two was very small in hFcRn mice. Statistical comparison of the blood activity curves of the same scFv-Fc fragment in BALB/c and hFcRn transgenic mice showed that all pairs of blood clearance curves are statistically different (*p* value ranging from \<0.0001 to 0.0068), except for the scFv-Fc H310A/H435Q double mutant (*p* = 0.051) that behaves the same in mice expressing mouse or human FcRn ([supplemental Table 3](http://www.jbc.org/cgi/content/full/M112.355131/DC1)).

![**Blood clearance curves of ^123^I-labeled scFv-Fc variants in WT BALB/c mice and hFcRn transgenic mice.** Blood samples were collected from the tail immediately after injection (0-h time point) and at time points 2, 4, 6, 12, 24, 48, and 72 h post-injection. Blood activity was determined using a Wallac WIZARD automatic gamma. The percentage of injected dose per gram (% *ID/g*) was calculated. Each group represents four mice. Logarithmic scale, S.E. was used to measure variability.](zbc0291213900008){#F8}

DISCUSSION
==========

In this report, we studied the effect of mutations in the Fc elbow region of chimeric anti-CEA T84.66 scFv-Fc variants on pH-dependent binding to the mouse and human forms of FcRn. Three amino acids, found to be highly conserved and situated in the core binding site for FcRn (Ile-253, His-310, and His-435; highlighted in [Fig. 1](#F1){ref-type="fig"}*B*), were targeted. Although ELISA detected receptor binding to the WT and H435R mutant, the more sensitive method SPR detected a hierarchy of binding responses to both mFcRn and hFcRn. All mutant molecules had none or reduced binding activity compared with WT scFv-Fc.

Introduction of such point mutations in the Fc of IgG or Fc fragment fusions have previously been reported to result in reduced binding to FcRn and correspondingly shorter half-lives or reduced transcellular transport ([@B17], [@B18], [@B44]--[@B46]). However, no study has reported a systematic evaluation of the FcRn binding activity of a matched set of scFv-Fc variants toward FcRn from both mouse and man and correlated the results with serum half-life in WT mice as well as mice expressing only the human form of the receptor. We found that the set of six anti-CEA scFv-Fc variants showed an order of binding to mFcRn (WT \> H435R \> H435Q \> I253A \> H310A \> H310A/H435Q) that correlated with previously obtained serum half-lives from blood clearance studies in WT BALB/c mice ([@B36]).

Binding of the scFv-Fc variants to hFcRn revealed that the affinities were considerably lower than those measured for binding to mFcRn. Although hFcRn interacted strongly with WT and H435R, only weak binding to I253A, H310A, and H435Q was observed, and H310A/H435Q did not bind at all.

The H435R mutant showed slightly higher Req binding responses for both mFcRn and hFcRn compared with the WT, although *K~D~*~1~ was lower for the WT. Another difference was that H435Q bound more strongly than I253A to the mouse receptor, whereas I253A bound more strongly to shFcRn than H435Q. Thus, differences in the order of binding of the scFv-Fc mutants to the two receptor species were detected.

Mice are not necessarily ideal models from which half-life in humans may be predicted. Major differences in binding of hIgG1 variants to FcRn from mouse and man have already been demonstrated ([@B20], [@B21], [@B25], [@B28]), and the phenomenon clearly underscores the importance of considering cross-species FcRn binding properties of engineered IgG variants and Fc fusion molecules. Rather, direct measurement of the binding affinity of novel engineered IgG variants toward both hFcRn and the FcRn species used for *in vivo* evaluations should be tested.

In this report, we evaluated the blood clearance activity in a mouse strain that lacks expression of its endogenous FcRn HC and is transgenic for the hFcRn HC ([@B42]). The rate of blood clearance correlated with binding to recombinant soluble hFcRn, and low binding corresponded to fast clearance. The hierarchy of binding from high to low corresponded to the clearance rates from slow to fast. However, the order of clearance differed from that obtained in WT mice. Thus, the order of clearance depends on the FcRn variant expressed by the mice used.

The histidine residues situated at the Fc elbow are key players in the interaction with FcRn. The H435R and H435Q mutants were generated to mimic the two protonation states of the His-435 residue during the transition from the physiological pH of the bloodstream to the acidic environment in endosomal compartments. At neutral pH, the histidine imidazole side chain is uncharged, although at acidic pH it is positive. Arginine is positively charged at either pH, whereas glutamine is neutral.

Both the H435R and H435Q mutations had an impact on FcRn binding, where H435R showed a somewhat reduced but still considerable binding at acidic pH, compared with H435Q that only interacted weakly with the receptors. The H435R mutant did not show stronger binding at physiological pH, where H435Q did not bind. These results are in agreement with a shorter half-life in WT BALB/c mice where H435R showed a 3.5-fold drop in half-life followed by H435Q (5.5-fold) ([@B36]).

The biodistribution data obtained from WT mouse studies are informative to understand how a single amino acid Fc substitution affects half-life in mice. Interestingly, the dramatic effect on clearance of H435R in WT mice may reflect the difference in serum half-life observed between hIgG1 (His-435) and hIgG3 (Arg-435) in humans, where hIgG1 has a three times longer half-life than hIgG3 (21 *versus* 7 days) ([@B47]--[@B49]). We recently reported that the short half-life of hIgG3 is due to preferential binding of hIgG1 to FcRn, which is present in a 10-fold higher concentration than hIgG3 in blood. The effect was reversed when Arg-435 of hIgG3 was replaced with a histidine (R435H), and the His-435 of IgG1 was replaced with an arginine ([@B50]). In contrast, the *in vivo* data presented here from hFcRn transgenic mice, show only minor differences in blood clearance between H435R and the WT. This may well be due to the fact that these mice have very low endogenous IgG serum levels, as endogenous IgG binds hFcRn very poorly ([@B20], [@B22]).

The hydrophobic Ile-253 is located centrally at the interaction interface and is important for proper packing of the complex ([@B51]). Its importance is reflected in the great effect on half-life when mutated to alanine, as shown in this study, where the I253A variant showed a 5.5- and 4.3-fold decreased half-life in WT and hFcRn transgenic mice, respectively ([@B36]). The H310A mutant interacted only weakly with FcRn from both species, as mirrored by its short half-life in both mouse strains. Furthermore, the importance of the conserved His-310 and His-435 was also demonstrated for the double mutant (H310A/H435Q), which cleared most rapidly from the blood circulation, as expected.

Several of the scFv-Fc mutants have been evaluated in different mouse tumor models. Initially, the fastest clearing double mutant was shown to be optimal for imaging in CEA-positive LS174T xenografted athymic mice examined by positron emission tomography, followed by H310A, although the I253A, H435Q, H435R, and WT variants were eliminated at much slower rates and thus gave poor tissue to tumor ratios ([@B36], [@B37]). Furthermore, anti-CEA scFv-Fc H310A has been shown to be an attractive candidate for targeting of pancreatic cancer in CEA-positive pancreas cancer xenografted mice ([@B52]). In addition, the double mutant with specificity for either human epidermal growth factor receptor 2 (HER2) or CD20 has demonstrated favorable positron emission tomography imaging in nude mice with MCF7/HER2 breast cancer or mice carrying human CD20 expressing lymphomas, respectively ([@B53], [@B54]).

H310A/H435Q degraded in the liver of both tumor-free and mice xenografted with CEA-positive tumor much faster than the single mutant I253A ([supplemental Fig. 4](http://www.jbc.org/cgi/content/full/M112.355131/DC1)) ([@B37]). In this study, radiometal labeling of the scFv-Fc variants via a bifunctional chelator was used, as this conjugation is more stable *in vivo* than radioiodination ([@B55]). Thus, liver accumulation of radiometal-labeled scFv-Fc mutants correlated with the rate of blood clearance ([@B37]).

FcRn has been shown to be expressed in the mouse liver ([@B9]), and we have detected FcRn in human hepatocyte cell lines and liver tissue biopsies[^7^](#FN7){ref-type="fn"} These findings indicate that FcRn expressed by the liver may function to rescue endogenous IgG and injected radioconjugated IgG Fc fragments with retained FcRn binding activity from intracellular degradation, although noninteracting mutants accumulate and degrade. This mechanism should be considered in further studies as liver accumulation and toxicity may become dose-limiting in antibody-based radiometal therapy. Hence, our findings suggest that IgG or Fc fragments such as the scFv-Fc mutants with substantially reduced FcRn binding capacity may be trapped within this vital organ, although single mutants such as I253A and H310A may be better choices for radioimmunotherapy because of lower liver accumulation and potential toxicity.

Regarding expanding these studies to a more humanized *in vivo* system, immunodeficient mice (Rag1^−/−^) transgenic for hFcRn have recently been described ([@B56]). Such mice may be more ideal in the next phase of *in vivo* evaluations of tumor targeting and imaging using the Fc-engineered scFv-Fc variants.
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